Since most of the electric city buses equipped with automated manual transmission (AMT) are currently implemented with a heuristic strategy, this paper proposes a systematic extraction method to optimize and accelerate the shift schedule design process. A dynamic model of the electric city bus with a four-speed AMT is established to study the energy management strategy. Dynamic programming (DP) algorithm is adopted to explore the offline global optimal control sequence considering the shift frequency. Then the feature of optimal operating points is analyzed and a time-saving derivation methodology is discussed to construct the gear shift schedule based on the clustering algorithm. The derived control strategy is proved to be efficient, flexible and online implementable. Simulation results show that the derived strategy can improve the energy economy by 4.45% compared with the preliminary empirical gear shift schedule, which is 57.8% better than back-propagation neural networks in a determined city route.
Introduction
Development of electric vehicles (EVs) is a meaningful way to achieve emission reduction and energy economy. Especially the implementation of battery electric buses (BEBs) is entirely environmentally friendly in city daily life. To match the high torque requirements in the repeating start-up situations and the demand of full range output speed of the vehicle, a variable-speed traction component is necessary. Owing to its reliable operation, simple structure, high efficiency and clutchless capacity, a traction motor (TM) coupling with a multi-speed automatic mechanical transmission (AMT) propulsion system has been widely used for decades [1] . For this electrified powertrain, the gear shift schedule of AMT is a critical factor that will influence the performance of the whole vehicle significantly.
Though electric bus can be driven only by a traction motor with a single-stage reducer, it is hard to take the full advantage of the motor efficiency. The principal purpose of utilizing multi-gear AMT with a proper shift schedule is to achieve a high energy-saving and driveability performance. Traditionally, the shift map is always designed based on previous experience, which is quite time-consuming and needs to be further calibrated and tuned online. A huge of trial and revise process should be taken to obtain a consistent and practicable shift map eventually. Besides, the gear shift frequency cannot be restricted in the heuristic control strategy directly, which will result in a lousy riding comfort performance [2] .
Many reserches have been conducted to explore a proper gear shift schedule for EVs. Among them, the strategies can be divided into rule-based schedule and optimization-based schedule [3] . The former one is similar to that in conventional combustion vehicle, which uses the throttle signal and velocity as control variables. It is convenient to focus on the driveability and redesign the shift map to minimize the acceleration time of the vehicle. Some intelligent rule-based algorithms like the fuzzy logic control (FLC) are also adopted to deal with the shift map and can improve the economic performance [4] . However, the rule-based strategies can never exploit the inherent potential of the propulsion system sufficiently which result in lower satisfaction with respect to energy saving particularly. The later one is suitable for EVs which can concentrate on the economic performance in depth with few limits due to the high flexibility of electrified driveline. Additionally, the optimization algorithms such as dynamic programming (DP) is appropriate for electric city buses because of its stable route in daily operation [5] , which can overcome the shortcoming of the global optimizing process. However, the utilization of optimization-based algorithms is hindered by the computational burden massively. The results are always treated as a benchmark to recalibrate the preliminary rules but can hardly guide the shifting process in real vehicle application.
To accelerate and improve the design process of an online available shift schedule, this paper proposes a systematic extraction method focusing on the rule extraction from global optimized results. The rest of this paper is organized as follows. The model of the electric bus including the configuration, vehicle motion, and main components are presented in section2. Section 3 introduces the optimization problem and DP solution in detail. In section 4 the neural networks and clustering extraction methods are analyzed and utilized to derive the online optimal shift rules. Comparative simulation is performed and the results are discussed in section 5. Conclusions are given in the last section.
Modeling of the electric bus

The configuration of electric bus
With the help of the perfect speed regulation ability of the traction motor (TM), the whole driveline can operate smoothly without the clutch even in the gear shift process. Thus, the configuration of the multi-gear powertrain can be described as shown in Figure 1 . 
Vehicular powertrain dynamics
To guarantee the simulation rapidity and adaptation to engineering application, the backward quasi-static modeling method is adopted to represent the powertrain dynamics performance, namely the required motor output torque TM req T , and rotation speed  TM req , of the driveline are determined by the wheel-side power as shown in Equation (1) . 
where M is the mass with a load of the bus, ρ is the air density, Aw is the fronted area, Cd is the aerodynamic coefficient, f is the rolling resistance coefficient, g is the acceleration of the gravity, α is the slope. The main vehicle parameters are listed in To calculate the energy cost of the electrified system, a 2-D lookup table is established to describe the efficiency of different operating status. To simplify the vehicle model, the impact of the temperature and complex electrochemistry internal reaction of the battery are ignored. A useful static equivalent circuit battery model is utilized to describe the electricity consumption and regeneration process [6] , in which the power of the battery can be approximately calculated by the internal resistance Rint, terminal resistance Rt, open-circuit voltage Voc and the battery current I as follows:
3. Optimization problem and DP solution
Problem formulation
Dynamic programming algorithm is a numerical technique that can solve the multi-step horizon optimization problem based on the Bellman's principle of optimality. It is quite suitable to be applied to resolve the issues that need decisions to be made in each stage with the objective of finding the pathway with minimal cost. Since the gear shift control sequences in a particular driving cycle can be regarded as a time series optimization problem, the DP algorithm can obtain the optimal gear status in each state with reasonable constraints.
To utilize the DP step by step, the aforementioned vehicular powertrain model should be described in discrete recursion equation as follows:
where xk is the state vector of the powertrain system, uk is gear shift command shiftk which can be selected from {+1, 0, −1} to determine the next gear status geark. The state of charge SOCk and the current Ik are the crucial factors that will influence the maximum ability of the output or regeneration power.
The target of the optimization problem is to find the proper uk to minimize the cost function J, which is the sum of electricity consumption and a penalty term of the shift frequency that should be limited as low as possible.
where N is the duration of the whole driving cycle, L is the instantaneous value of the cost function, Ek is the energy consumption value as shown in Equation (6) and φ is the penalty factor which can be adjusted to achieve a satisfied gear status shift interval.
where Ts is the calculating step size, PACC is the consuming power of the accessory, PTloss and Pbatloss are the energy loss of the whole transmission and the battery respectively.
Dynamic programming process
To explore the performance and energy saving potential of the propulsion system in city route, here a typical Chinese World Transit Vehicle Cycle (C-WTVC) is adopted as shown in Figure 2 with a total driving distance of 5.73 km and driving .period of 900 s.
As DP algorithm is always calculated offline, we can subdivide the state and control variable grids as minute as possible to guarantee a better result. After the minimum of Equation (5) process is conducted, the global optimal control sequence for the specific driving cycle can be determined forward. The SOC variable trend can be seen in Figure 2 , which decreases from 90% to 88% gradually. From Figure 3 we can find that the operating points of the TM are all concentrated to the medium rotation speed and torque status, which is the highly efficient working area. In addition, the high output torque at low speed operating conditions is eliminated, which is a common phenomenon in direct driving powertrain system resulting in bad energy utilizing efficiency. In another word, the DP method is successful to take advantage of the AMT component by transforming the original required high torque to another medium torque response with higher rotation speed. The entire torque and rotation speed of the TM is presented in Figure 4 ,
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Optimal Shift Schedule Derivation
As shown earlier, the DP algorithm can improve the energy economy naturally, but under the conditions of that, the detailed driving cycle information is obtained in advance. However, as for the city commercial vehicles (e.g., city bus, city delivery truck), this limitation is not that fatal since the routes of city public transports are always distinct and changeless. Namely, it's rational to derive the online optimal shift schedule from the DP results under a certain driving cycle. Here a clustering extraction method will be introduced in detail and will be compared with another prevalent neural networks (NN) extraction method.
Neural networks extraction method
It is generally believed that to get a deterministic equation or relationship of the global optimal energy management strategy (EMS) is untoward because it is influenced by various factors irregularly. In this situation, a neural networks method can effectively grasp the features and detect the strong nonlinear relationship according to the optimal operating results. Then it can generate an intelligent online controller to manage the gear shift allocation problem, and reach a better economy performance consequently.
The crucial steps of the NN method are to define the input layer and the output layer and design the hidden layer including the number of hidden neurons. Here the optimal operating state information from DP results will be treated as the input elements, and the optimal gear status will be set as the output value. The data should be divided into training, validation and testing part in proportion. To tackle the pattern recognition problem, a scaled conjugate gradient back propagation method is used to train the NN, which can accelerate the process with appropriate accuracy.
Considering the fundamental relationship between the desired gear and the vehicle state, five factors as current gear, previous shift command, SOC of the battery, torque command and velocity of the bus are selected as the input data as shown in Figure 5 . After the training process has done, an NN control net with derived weights can be obtained, which is applicable in real vehicle controller unit. However, the training process is stochastic and obscure. Namely, the trained controller can only be regarded as a black box and is hard to redesign or revise manually. 
Clustering extraction method 4.2.1 Hierarchy analysis
Extraction of explicit gear shift command lines is another perspective to handle this problem, which is in accord with the conventional shift rules design process. Many researches draw the shift lines directly and subjectively without further discussion. However, it's hard to catch the real feature of the distribution of optimal operating points. Besides, if the points are overlapped and interlaced, it may be impossible to get the deterministic shift lines. The growth of the difficulty in the extraction process is related to the number of the candidate points. Therefore, the problem can be decomposed as how many candidates are rational and which of the points should be retained to construct the ideal optimal shift lines.
To deal with this problem, acquisition of optimal gear shift data is the first step, which is related to the results of the DP method. Then analysis of the shift data is necessary, which is the as known as the data preprocessor procedure. Based on the statistical theory, to quantify the confidence level, the sum of the squared errors of the normalized data could be regarded as a ruler to measure the correlativity of the points, which is so-called the Euclidean distance. In fact, the outliers are always numerically distant from the rest of the points and could be sought out easily as shown in Figure 6 (the insignificant points). Since the outliers may overly impact on the statistical features, the clusters of the points could be misled. So it is well-founded to examine and to eliminate all the outliers if necessary. The next step is to determine the number of the candidates which will further form the shift lines. The selected candidates Paper ID: ICEIV2018-xxx
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Copyright © by ICEIV are so-called the clustering centers, which can be regarded as the most representative point of the distinct group. Here the analytic hierarchy process (AHP), which is a kind of structured method for analyzing complex decisions based on mathematics theory. As the Euclidean distance is the only judgment of these points, a dendrogram plot can be generated to describe the hierarchical binary cluster tree as shown in Figure 7 . We take the gear three to gear four shift points as an example to illustrate the process, where the height of each U-shaped lines represents the distance between the two points being connected. A threshold value is set to evaluate the scatter level and the number of the rational cluster centers can be determined.
As shown in Figure 7 , the process of the hierarchical clustering is to begin with individual points as the first centers, then to calculate and compare the Euclidean distance of each center. Afterward, the two closest clusters will be merged successively and eventually there will remain the only one cluster. Here 30% of the maximum Euclidean distance is set as the criterion to find the optimal number of the centers, which can be seen from the horizontal pink line in Figure 7 . 
Clustering and derivation of shift schedule
After the number of the centers has been determined, the k-means clustering (KMC) algorithm can be employed to find the location of the centers. The KMC method, which is one of the most famous nonhierarchical clustering algorithms, separate the data into different clusters in terms of the centroids.
As shown in Figure 8 , when the optimal number of the centers is confirmed, the location of the centers (the black spots) can be readily determined by KMC method, which can represent the pivotal scatter features of the original shift points. All of these centers will indicate the tendency of the gear shift line pattern.
Figure 8
The centers of each cluster by KMC.
Figure 9
Extraction of the optimal shift schedule. Figure 9 illustrates that the clustering analysis and derivation process of the optimal shift map. The centers of the KMC create the baseline for drawing a shift line that can fits all these data best statistically. For the battery electric city bus, an applicable gear shift schedule consists of not only the upshift rules, which have been determined by KMC, but also the corresponding downshift rules. The design principle of the downshift lines is to avoid the circulatory shift phenomenon, which will lead to a bad riding comfort performance. Therefore, an interval of the gear shift lines should be added that construct the downshift lines between the specific two gear statuses, namely at a particular torque command there will always exist a difference in the vehicle speeds between the upshift and downshift lines. Besides, taking the high torque requirements at low-velocity situation into account, a gear downshift control called kick-downshift should be considered. Eventually, the gear shift lines can be Paper ID: ICEIV2018-xxx
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Simulation and Results
According to the description of the online applicable control strategies, when the controller knows the specific route length and duration beforehand, it can derivate the gear shift rules. Here we also use the C-WTVC driving cycle where the simulation velocity v(t) and acceleration a(t) were specified. A preliminary empirical rule-based strategy is also put into use and compared with the derived shift rules. Figure 10 shows the trajectory of the SOC over a period of 900 s, from which we can see that the DP-based strategy can always lead to the best theoretical economy performance with the lowest SOC reduction. Meanwhile, the proposed optimal extracted rule-based method seems better than the NN controller which has already been trained and adjusted well. And compared with the preliminary rules, these two optimal extracted gear shift schedules can obviously enhance the energy-saving performance. Considering their online application ability and rapid development process, the deviation from the benchmark under the DP method is acceptable. The detailed energy consumption numerical comparison results are shown in Table 2 . The proposed clustering extracted schedule can improve the energy saving potential by 4.45%, which can be obtained through the systemic derivation process by degrees.
Conclusion
In this paper, the electrified powertrain longitudinal dynamic model of a city bus is developed to optimize the gear shift control and the online available shift rules are derived from the DP results by systemic methods. Simulation results show that the optimal extracted shift schedules are effective in improving the energy economy dramatically compared with the previous experiential two-parameter shift schedule. It has the potential to approach the result from DP, and is easy to be acquired and redesigned, compared with the heuristic method and neural networks controller respectively. Comparative study and real vehicle test results will be further discussed in detail.
